Two-inch free-standing GaN wafers were implanted by 100 keV H + 2 ions with a dose of 1.3 × 10 17 cm −2 at room temperature. The hydrogen implantation induced damage in GaN extends between 230 to 500 nm from the surface as measured by cross-sectional transmission electron microscopy (XTEM). The wafer bow of the free-standing GaN wafers was measured using a Tencor long range profilometer on a scan length of 48 mm before and after the hydrogen implantation. Before implantation the bow of two different free-standing GaN wafers (named A and B) with different thicknesses was 1.5 µm and 6 µm, respectively. Initially, both wafers were concave in shape. After implantation the bow changed to convex with a value of 36 µm for wafer A and a value of 32 µm for wafer B. High dose hydrogen implantation leads to an in-plane compressive stress in the top damaged layer of the GaN, which is responsible for the enhancement of wafer bow and change of bow direction. The high value of bow after implantation hinders the direct wafer bonding of the free-standing GaN wafers to sapphire or any other handle wafers. Tight bonding between hydrogen implanted GaN wafers and the handle wafers is a necessary requirement for the successful layer transfer of thin GaN layers onto other substrates based on wafer bonding and layer splitting (Smart-cut).
Introduction
GaN and related nitrides (such as InGaN and AlGaN) are the subject of immense research interest due to their applications in blue/ultra-violet light emitting and laser diodes, and also in high-frequency, high-power electronic devices [1, 2] . Usually these nitrides are grown epitaxially on various foreign substrates such as sapphire, SiC or Si. These foreign substrates have substantial mismatch in lattice constants and thermal expansion coefficients with respect to the nitride semiconductors [3, 4] . The heteroepitaxial growth of nitride semiconductors on foreign substrates leads to the formation of various kinds of extended defects such as dislocations and prismatic stacking faults [3, 4] . These defects in the epitaxial layers of nitride semiconductors grown on foreign substrates degrade the performance of electronic and opto-electronic devices fabricated utilizing these epilayers. The homoepitaxy of nitrides on free-standing bulk GaN substrates is highly desirable since it will lead to the reduction of extended defects in the epilayers and hence will improve the performance of the devices fabricated using these epilayers [5, 6] . The homoepitaxy has mainly two obstacles: the nonavailability of large size free-standing GaN bulk wafers and the extremely high cost of the available free-standing small diameter (2 inch) GaN wafers. One of the potential methods to fabricate lowcost and high structural quality substrates, comparable to freestanding GaN substrates, for the epitaxial growth of group-III nitrides would be direct wafer bonding and layer transfer of thin GaN slices to cheaper substrates such as sapphire and silicon via high-dose hydrogen implantation and layer splitting upon annealing [7] [8] [9] . This method has already successfully been demonstrated for the transfer of thin layers of various semiconductors such as Si, Ge, SiC, GaAs, InP from their respective bulk substrates to other cheaper foreign substrates such as silicon [10] [11] [12] [13] . Likewise for nitrides, the freestanding GaN substrate could be utilized to transfer multiple layers on other cheaper substrates. The crystalline quality of the transferred GaN layers is expected to be as good as that of free-standing GaN starting wafers [8] . The implantation induced layer splitting/transfer process is based upon the agglomeration of implanted hydrogen into over-pressurized platelets upon annealing and subsequent microcrack formation and expansion parallel to the wafer surface [7] . For the case that an implanted wafer is bonded to a handle wafer, annealing leads to the transfer of a thin slice of the implanted substrate onto the handle wafer [7] . For this layer transfer process to occur only a narrow parameter window of implantation dose, annealing temperature and time is available, which is strongly material dependent. We have earlier performed detailed investigations to define this parameter window for GaN using hydrogen implantation induced blistering studies in GaN/sapphire wafers [14] . In that study we found that the minimum hydrogen dose (for 100 keV H . Below this dose no surface blistering occurs in hydrogen implanted GaN even if the annealing temperature is raised up to 1000
• C. Hence we implanted the two free-standing GaN wafers with the minimum hydrogen dose value to carry out the layer transfer of GaN onto sapphire handle wafers using direct wafer bonding.
Experimental details
The free-standing GaN substrates having a 2 inch diameter, named A and B, were Ga-face single side-polished wafers. They were grown using the hydride vapour phase epitaxy (HVPE) technique and commercially obtained. The thickness of wafers A and B was 330 µm and 380 µm, respectively. The implantation was carried out using 100 keV H + 2 ions with a dose of 1.3 × 10 17 cm −2 at room temperature. During implantation, the wafers were tilted by ∼7
• relative to the incident ion beam to minimize ion channelling. The bow of the wafers was measured using a long range Tencor P2 profilometer on a length scale of 48 mm, both before and after the hydrogen implantation. A 4 µm thick GaN epitaxial layer grown on a sapphire wafer using metallorganic chemical vapour phase epitaxy (MOVPE) technique was also implanted with the same energy and dose [14] . This hydrogen implanted GaN/sapphire wafer was used for the characterization of implantation induced defects using crosssectional transmission electron microscopy (XTEM). Since XTEM characterization is a destructive technique we did not use the expensive free-standing GaN wafers for this purpose. The XTEM measurements were carried out using a Philips CM20T machine operated at 200 kV. Sample preparation was carried out using conventional grinding, dimpling and ion milling with Ar under liquid nitrogen cooling.
Results and discussion
The profilometer measurement on the wafer A before implantation with a linear scan range of 48 mm is shown in figure 1(a) . The bow of the wafer A is 1.5 µm and has a concave shape. The same measurement for this wafer after hydrogen implantation is displayed in figure 1(b) . The bow of the wafer after implantation increased to 36.0 µm with a convex shape. Similarly, the bow profiles for the wafer B before and after the implantation were measured using a profilometer. Before implantation the shape of the wafer B had some dips of about 1 µm in the surface profile at the centre and about 1 cm away from the centre. Omitting these dips from the profile, we took the bow of the wafer B to be about 6.0 µm. After hydrogen implantation the bow of the wafer B became 32.0 µm with a convex shape. Figure 2 shows the XTEM image of the hydrogen as-implanted GaN layer grown on sapphire wafer. It can be seen that there exists a damage band extending between 230 and 500 nm from the surface of the GaN wafer. This damage-band matches quite well the 100 keV H + 2 implantation-produced vacancy profile in GaN, as calculated by the Stopping and Ranges of Ions in Matter (SRIM2003) simulation code [15] . It is to be noted that the H + 2 dose of 1.3 × 10 17 cm −2 used here is sufficient to cause amorphization of most semiconductors such as Si, GaAs, InP, etc. In contrast GaN does not amorphize even at this high dose of implantation due to an efficient dynamic annealing of implantation-induced defects [16] [17] [18] . The damage band in GaN due to hydrogen implantation consists of vacancies and interstitials and their complexes with hydrogen and also contains some planar defects [18, 19] .
Earlier reports concerning implantation studies in semiconductors like Si have shown that the lattice damage produced by energetic ions into semiconductors results in the formation of an in-plane compressive stress [20] [21] [22] . This inplane compressive stress is accompanied by an out-of-plane tensile stress distribution, which is peaked at the location of maximum damage [20] . We can approximately calculate the average in-plane stress induced in the top damaged layer of GaN using the bow values before and after the hydrogen implantation [23] . The top 500 nm layer of GaN substrates which is damaged due to implantation is much less than the thickness of the GaN substrates. So we have a similar situation like that of a thin film deposited on the top of a hetero-substrate which is under compressive stress [22] , as shown in figure 3 . Thus the stress in the damaged GaN layer can be given by using Stoney's formula (see [23] for details),
where σ is the stress in the damaged layer, E is Young's modulus of GaN, ν is Poisson's ratio, b is the change in the bow value of the wafer after the implantation, t s is the substrate thickness, L is half of the profilometer scan length, t f is the damaged layer thickness. In the present case we have, E = 290 GPa, ν = 0.23, L = 24 mm, t f = 500 nm. For wafer A, Substituting these values into equation (1) we obtain the value of stress in the damaged GaN layer to be about −1.8 GPa for wafer A and −2.4 GPa for wafer B. The compressive stress in the damaged GaN layer (indicated by a negative sign) leads to the bowing of the wafer after high dose hydrogen implantation. In fact, these stress values are average values and in reality there is a distribution of stress along the implantation depth [21] . Thus the situation here is similar to that of heteroepitaxy of GaN on sapphire where compressive stresses in GaN layer in the range of a few hundred MPa to a few GPa lead to the bowing of the entire wafer [24, 25] . The bowing of the free-standing GaN wafers after hydrogen implantation has substantial implications for layer transfer applications involving direct wafer bonding. It is known that for wafer bonding the wafers to be bonded should have less than 1 nm root mean square (RMS) roughness and should be as flat as possible [8, 26] . The allowable value of the bow depends upon the material and the wafer thickness. Normally for 2 inch wafers of common semiconductors like Si, GaAs or GaN the bow value should be on the order of a few micrometres [26] . In the present case the value of the bow after hydrogen implantation increased to a few tens of µm which hinders any successful direct bonding of these wafers without the use of external force to handle wafers such as sapphire or Si. Therefore, in order to accomplish bonding of hydrogenimplanted free-standing GaN wafers to flat sapphire handle wafers nevertheless one needs to apply some uniaxial pressure, as was shown in previous studies which involved layer transfer from GaN/sapphire [9] . Due to the extremely high cost of the free-standing GaN wafers this approach has to be followed very carefully with a proper setup in order to avoid breakage of the GaN wafer. Experiments are underway for determining the required parameters to achieve layer transfer without breakage of the free-standing GaN wafers.
Conclusions
In the present study we carried out implantation of two Gaface free-standing GaN wafers by 100 keV H + 2 ions with a dose of 1.3 × 10 17 cm −2 . The bow of the wafers changed upon implantation from concave to convex and from <10 µm to >30 µm. The physical reason for this change in bow is that the implantation leads to an in-plane compressive stress in an implantation induced damage band of about 270 nm in width and starts at about 230 nm from the surface of GaN. The compressive stress in the damage band has been calculated using Stoney's formula and amounts to 2-3 GPa depending upon the thickness of the GaN wafers. The increase in the bow of the wafers after high dose hydrogen implantation is unfavourable for the wafer bonding of these wafers to the handle wafers for layer transfer purpose. Approaches need to be developed to circumvent this problem and applying uniaxial pressure carefully on free-standing GaN wafer appears to be a promising method.
